ABSTRACT The cellular transcriptome is shaped by both the rates of mRNA synthesis in the nucleus and mRNA degradation in the cytoplasm under a specified condition. The last decade witnessed an exciting development in the field of post-transcriptional regulation of gene expression which underscored a strong functional coupling between the transcription and mRNA degradation. The functional integration is principally mediated by a group of specialized promoters and transcription factors that govern the stability of their cognate transcripts by "marking" them with a specific factor termed "coordinator." The "mark" carried by the message is later decoded in the cytoplasm which involves the stimulation of one or more mRNA-decay factors, either directly by the "coordinator" itself or in an indirect manner. Activation of the decay factor(s), in turn, leads to the alteration of the stability of the marked message in a selective fashion. Thus, the integration between mRNA synthesis and decay plays a potentially significant role to shape appropriate gene expression profiles during cell cycle progression, cell division, cellular differentiation and proliferation, stress, immune and inflammatory responses, and may enhance the rate of biological evolution.
INTRODUCTION
Gene expression in the eukaryotes is a highly complex process, involving a multitude of activities at different cellular compartments. Each of these processes was discovered independently and was subsequently investigated in an isolated fashion. Several current studies, however, revealed complex networks among them with additional layers of control as exemplified by the fascinating connections among various nuclear events, such as transcription elongation, capping, splicing, 3'-end processing, and nuclear export [1] [2] [3] [4] [5] [6] [7] . Similarly, other independent studies uncovered many functional linkages among diverse cytoplasmic processes, such as translation, transport, and targeting of specific mRNAs to the sub-cytoplasmic location(s), their degradation, and the tight regulation exercised at each step. Although the nuclear mRNA biogenesis events were known to have far reaching effects on the cytoplasmic fate of the messages, the direct functional integration and cross-talk between the nuclear and cytoplasmic phases of gene expression and mRNA life were neither addressed nor actively investigated until lately. Some recent studies carried out in the baker's yeast Saccharomyces cerevisiae revealed that transcription of a specific subset of genes and the stability of their corresponding mRNAs in the cytoplasm is intimately connected through various mechanisms [8] [9] [10] [11] [12] [13] [14] . These studies demonstrated that the promoter, its associated cis-regulatory elements and special transcription factors, which bind to these elements, collectively affect the stability and decay rates of their corresponding messages and, thereby, functionally integrate the nuclear phase of mRNA life with their cytoplasmic fate [8] [9] [10] [11] [12] [13] [14] . In this review, we focus on these studies carried out primarily in baker's yeast and discuss the diverse nature of connections between the mRNA stability in the cytoplasm and the OPEN ACCESS | www.microbialcell.compromoter/transcriptional activities of the corresponding genes in the nucleus. Also, we extend the issue of possible interplay between mRNA synthesis and degradation in the mammalian system by presenting several preliminary and speculative findings. Finally, the contribution of the functional coupling between the mRNA synthesis and decay process is discussed which plays vital roles during cell division/cycle, stress response, cellular differentiation, cellcycle progression, cell proliferation, immune and inflammatory response, viral infection as well as in facilitating evolution.
THE BIRTH AND EARLY LIFE OF THE mRNAs: BIOGENE-SIS IN THE CELL NUCLEUS
In eukaryotes, productive expression of a gene involves transcription, maturation of the transcripts in the nucleus, their export into the cytoplasm, subsequent translation of the translation competent messages, and their destruction in specific cytoplasmic location. During this long journey, every transcript undergoes extensive covalent modification and structural remodeling events. Nuclear events of mRNA biogenesis involve the transcription by RNA polymerase II (RNAPII), capping of the primary transcript at the 5'-end, splicing, and maturation at the 3'-end of the message, involving a site-specific cleavage and polyadenylation [1, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] (Figure 1 ). During these modification events, every transcript is associated with a wide repertoire of mRNAmaturing factors and heterogeneous nuclear ribonucleo proteins (hnRNPs), which, in turn, determines the fate of the transcribing mRNAs. This dynamic RNA-protein interaction begins with the association of the heterodimeric nuclear cap binding complex (CBC) to the m7G cap located at the 5'-end of the nascent mRNA [25, 26] . Binding of the cap structure by CBC is followed by the recruitment of transcription/export (TREX) complex consisting of THO proteins (Hpr1p, Mft1p, Tho2p, Thp2p), mRNA export fac-FIGURE 1: mRNA life-cycle in eukaryotic cells. Schematic view of the nuclear and cytoplasmic phases of the mRNA life cycle. Various mRNPs which are recruited onto/associated with the maturing transcripts during different stages are schematically indicated by solid colored symbols. Symbols are either annotated directly or denoted in the associated legend box. THO components/maturing factors/mRNA-binding proteins are released from mRNA once the mRNA matures and becomes export-competent. Similarly, export factors are also released from the transcript body once the mRNA arrives at the cytoplasm and shuttle back into the nucleus. In the cytoplasm, mRNAs may remain associated either with nuclear CBC (while undergoing a pioneer round of translation) or with eIF4E (while undergoing subsequent steady state translation) which is indicated in the diagram. For simplicity, other mRNA binding proteins remaining associated with translating mRNAs are not shown except for CBC and eIF4E. AUG [27] . Efficient and accurate splicing and 3'-end maturation leads to the recruitment of the exon junction complex (EJC) onto the newly formed exon-exon junction and poly(A) tail binding proteins Pab1p (PABP in human) onto the polyadenylated tail, respectively. The collective and concerted action of the whole spectrum of RNAbinding proteins (RBPs) ultimately leads to the formation of mature export-competent mRNPs [1, [15] [16] [17] [18] [19] [20] [21] [22] (Figure 1 ). These export-competent mRNPs are then released from the transcription site at the chromatin and gradually move through the inter-chromatin space to the nuclear periphery where they dock at the nuclear pore complexes (NPC) [1] .
Once the mature mRNPs successfully dock at the NPC, they passage through the NPC structures and are finally released into the cytoplasm. Nuclear export thus represents the culmination of the nuclear phase of gene expression, which is regarded as the early life of mRNPs [28] [29] [30] [31] . In S. cerevisiae, transcription and nuclear pre-mRNA processing events are physically and functionally coupled via the C-terminal domain (CTD) of the Rpb1p (largest subunit of RNAPII) [24, [32] [33] [34] [35] . The CTD acts as a loading platform for transcription and other mRNA processing factors [27, 29, 34, [36] [37] [38] [39] . Each event of the mRNP biogenesis is thus believed to impact its following step, depending on the status of the preceding event(s). Functional interplay was demonstrated (i) to enhance the probability of the formation of export-competent and productive mRNPs and (ii) to reduce the possibility of generating functional defective transcripts. The functional coupling thus lowers the risk of forming unproductive polypeptides and minimizes the requirement of quality control steps [27, 29, 34, [36] [37] [38] [39] . Defective/faulty messages still arise, despite having a tight functional coupling between various nuclear mRNA biogenesis events.However, they are rapidly eliminated by a variety of mRNA surveillance and quality control mechanisms [2, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] .
THE LATE LIFE AND DEATH OF mRNAs: mRNA TRANSLATION AND DEGRADATION IN CYTOPLASM
In the cytoplasm, the mRNPs undergo another remodeling event to shed off some of the mRNA-binding proteins carried from the nucleus. A unique pioneer round of translation immediately follows this remodeling event while they still carry the nuclear CBC [52, 53] . This distinct round is used to detect any potential in frame premature termination codon (PTC) in the translating message. If such a PTC is detected, it is promptly targeted for degradation by the non-sense mediated decay (NMD) pathway to avoid production of truncated proteins [54] . Messages lacking a PTC survive the NMD action and subsequently undergo another mRNP remodeling, which involves the exchange of the nuclear CBC at the 5'-cap of mRNA with the translation initiation factor eIF4F (consisting of eIF4E and eIF4G) [54] . The remodeled message is then engaged in the steady state of productive translation to produce the cellular pool of proteins [52, 53] . Notably, several exported mRNPs, however, do not enter the regular translation cycle and, instead, are transported to several special cytoplasmic locations (e.g. stress granules) for future use [55, 56] .
After predestined rounds of translation a translating mRNA is transformed into a degradation-committed message and eventually disengages from translating polysomes to associate with the cytoplasmic P-bodies or stress granules, which are considered the cellular sites of mRNA decay in S. cerevisiae. This degradation-committed message is subsequently destroyed by the default degradation pathway within the P-bodies [40, 57, 58] . Default degradation of mRNAs is a highly regulated process that is governed by a distinct set of genes and plays a vital role to dictate the basal steady state level of all mRNAs, which, in turn, determines the total cellular pool of proteins [40, [59] [60] [61] . Defective and aberrant mRNAs, intragenic, intergenic, promoter-associated RNAs (transcriptional noise), antisense RNAs (generated for example as regulatory RNAs) and other byproducts of gene expression (excised introns, external or internal spacers, etc.) are eliminated in a regulated manner by another set of selective/specialized mRNA degradation processes termed mRNA surveillance mechanisms [40, [62] [63] [64] [65] [66] [67] [68] . In this article, we will principally focus on the default mRNA degradation mechanism due to its relevance to the current topic. Readers are suggested to consult following review articles for in-depth discussion of the diverse cellular roles of mRNA degradation and mRNA surveillance [2, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] .
The default decay process is initiated with the shortening of the poly(A) tail from 60-90 residues long adenylate tail (300-400 residues in mammalian mRNAs) to a 10-15 residue oligo-A state [40, [59] [60] [61] . This step, called deadenylation, is catalyzed either by the Ccr4p/Pop2p/Not complex (major deadenylation machinery) or by the Pan2p/Pan3p complex (a subsidiary deadenylation machinery) [6, 69] (Figure 2 ). Deadenylation is followed by the removal of the 5'-cap structure by the concerted action of the decapping complex consisting of Dcp1p/Dcp2p, which is catalytically stimulated in vivo by Pat1p, Edc1-3p, Scd6p, the Lsm1-7p complex, and the DEAD box helicase Dhh1p [40, [70] [71] [72] [73] [74] . The decapping reaction exposes the 5'-monophosphate of the terminal residue and subsequently promotes the degradation of the transcript body in a 5'→3' direction by the major cytoplasmic exoribonuclease Xrn1p [75] . Alternatively, the degradation may also proceed in a 3' →5' direction right after the deadenylation step by the cytoplasmic exosome and the Ski complex [76] [77] [78] (Figure  2 ). Processive degradation of the mRNA transcript body from the 3'→5' direction results in the formation of a leftover residual oligonucleotide structure with the 5'-cap, which is eventually removed by DcpS [79] . Emerging studies carried out in S. cerevisiae implicated various mechanisms that functionally couple nuclear transcription and cytoplasmic mRNA stability/decay. The majority of these mechanisms are mediated by a variety of trans-acting protein factors (collectively termed "coordinators") that are selectively recruited onto specific subsets of transcripts by distinct cis-acting sequences (such as gene promoters). Recruitment of the coordinator "marks" the specific subset of transcripts and thereby alters their stability in response to a physiologic cue. These "marks" on the transcript are later decoded in the cytoplasm by a variety of mechanisms, which ultimately stimulates specific mRNA decay factors and thereby triggers the kinetics of decay of a specific or a cluster of transcripts in response to various cues. Functional coupling modulated by different classes of coordinators are discussed below.
Functional Coupling mediated by RNAPII core proteins
Two subunits of the core RNAPII, Rpb4p and Rpb7p, were implicated in the functional coupling between transcription and mRNA degradation [12] [13] [14] 80] . The first clue about their functional role in linking transcription to mRNA decay came from the observations that (i) these two subunits independently form a Rpb4/7p heterodimer and (ii) the stoichiometry of the heterodimer in the cell to the other subunits of the RNAPII holoenzyme substantially deviates from the unity [81] . Moreover, Rpb4p/7p subunits were frequently found to dissociate from RNAPII [82, 83] . Consistent with these findings, these two subunits were found to participate in the co-transcriptional recruitment of the 3'-end processing factors and appropriate usage of polyadenylation sites [84] , mRNA export [85] , and translation/mRNA decay [12] [13] [14] 80] . A potential cytoplasmic function of Rpb4/7p proteins was further suggested from the observation that they are able to shuttle between nucleus and cytoplasm in a transcription-dependent manner [86] .
Several pieces of information provided evidence that the Rpb4/7 heterodimer promotes the decay of a specific class of cellular mRNAs encoding ribosomal proteins and translation factors (collectively designated PBF, protein biosynthetic factors) [12, 13] . First, both Rpb4p and Rpb7p, affect the deadenylation step of the decay process of these mRNAs. Second, both of them were found to interact with the mRNA decapping components of the Pat1p-Lsm1-7p complex [12, 13] . Third, together with Lsm1-7p and Dcp1p, Rpb4/7p was found to localize to cytoplasmic P-bodies, the site of mRNA decay in the cell (see above) [12, 13] . Fourth, a mutation in either of these proteins led to an alteration of the number of P-bodies in the cell. Collectively, these findings are consistent with a model in which Rpb4/7p may recruit Pat1p to the substrate mRNA and, thereby, may affect mRNA degradation via its interaction with Pat1p [3] ( Figure 3) . Notably, Pat1p was demonstrated to be a hub of other mRNA decay factors and is also required for recruiting Lsm1-7p, Dcp1/2p, and Xrn1p to the mRNA [87, 88] . Interestingly, the functions of Rpb4p/7p heterodimer in the process of coupling transcription and RNA decay largely FIGURE 2: Default pathway of mRNA degradation in S. cerevisiae. Almost all mRNAs undergo decay by the deadenylation-dependent pathway. Thereby, the poly(A) tail is gradually and progressively shortened by the deadenylase activity of the Ccr4/Pop2/Not complex. Following deadenylation, the mRNA can be degraded by one of two mechanisms. The major mechanism involves decapping by Dcp1p/2p, following a 5'→3' decay by Xrn1p. The minor mechanism includes a 3'→5' decay by the cytoplasmic exosome and Ski7p. AUG and UAA are indicating the beginning and end of the ORF carried by the message. Only relevant decay components are shown by annotated symbols. Proteins which remain associated to translating/degrading mRNAs during different stages of decay are not shown.
OPEN ACCESS | www.microbialcell.comdepends on the previous association of the Rpb4/7p heterodimer with the RNAPII holoenzyme [14, 80] . Although this model is very attractive and provocative, the mechanistic insight of how they impact the mRNA deadenylation is not very clear because neither a direct interaction between Rpb4/7p and the deadenylase complexes Ccr4p/Pop2/Not/Pan2-3p was detected [12, 13] nor could Pat1 be linked to deadenylation [89] . Recently, an interaction between Rpb4/7 with the translation initiation factor eIF3 was suggested to be responsible for the observed deadenylation [14] , although having no mechanistic insight regarding this connection.
Functional coupling mediated through the specific gene promoters An early instance of the influence of the specific promoter on the decay of its cognate message was exemplified by a study in mammalian cells in which the abundance of the β-globin mRNA was demonstrated to be affected by its own promoter [11] . In this investigation, the abundance of a mutated β-globin mRNA, harboring an in frame PTC expressed from a β-globin promoter in Hela cells, was found to be markedly low compared to that of a WT β-globin message. This observation suggested that the PTCcontaining β-globin mRNA was undergoing a rapid decay, owing to the presence of the PTC when expressed from its native promoter [11] . Remarkably, when the native β-globin promoter was replaced with a viral HSV-Tk promoter, the decreased abundance of mutated PTC globin mRNA was rescued, thus indicating a diminished degradation of the mutated β-globin message under the control of the viral promoter [11] . Using the primer extension analysis, they also demonstrated that the utilization of the transcription site of the mutant message remained identical in both cases. This finding ruled out the possibility of the existence of any altered 5'-untranslated region (UTR) of the β-globin transcript expressed from the viral promoter, which could have otherwise altered its stability. This finding, therefore, marked the first demonstration of the influence of a native promoter on the abundance and stability of its cognate message. However, the investigators were unable to gain any insight into the mechanism of the altered stability of the β-globin transcript expressed under different promoters [11] . More recent studies in the baker's yeast S. cerevisiae demonstrated that promoters and associated cisregulatory elements of certain genes and their cognate transcription factors play crucial roles in coupling their transcription and the decay rates of their corresponding transcripts [8] [9] [10] [11] 90] . One instance of such functional influence of the promoter and the associated upstream activating sequence (UAS) affecting the mRNA decay is provided by the RPL30 mRNA, encoding the large ribosomal protein 30 in S. cerevisiae. Promoter swapping experiments showed that exchanging the native UAS of the RPL30 gene with that of the ACT1 gene, without altering its coding sequence, has a remarkable influence on the stability of the RPL30 mRNA [9] . Stability of the RPL30 transcript expressed from its native promoter (harboring RPL30 UAS) vs. the ACT1 promoter (harboring ACT1 UAS) displayed a dramatic difference [9] . Further analyses uncovered that the RPL30 promoter harbors two binding sites for the specific transcription activator Rap1, and eliminating them led to the dramatic stabilization of the RPL30 mRNA. Thus, recruitment of Rap1p to the RPL30 UAS appears critical for the stimulation of the decay of the corresponding message ( Figure 3 ). Therefore, this observation directly connected the transcription factor Rap1p to the promoter-influenced decay kinetics of the RPL30 mRNA. Consequently, Rap1p has been termed a "synthegradase" to underscore its effect in coupling transcription with mRNA decay, presumably by marking the RPL30 message [3, 9] (Figure 3 ). However, it is still unknown which factor is marked on the RPL30 message to affect its decay. An extension of this work by Dori-Bachash et al. [8] provided further evidence that swapping the upstream cis-regulatory sequences of orthologous genes from two related yeast species affects both, the mRNA transcription and the decay for some genes [8] . Notably, adjacent yeast genes sharing a common promoter displayed similar mRNA decay profiles, thus indicating the existence of a pervasive promoter which mediates the coordination between transcription and mRNA decay in yeast [8] . Remarkably, transcription also appears to be coupled to the process of decay for same sets of mRNAs in mouse and humans [8] .
By using a powerful and sensitive single-cell singlemolecule FISH technique, another independent study demonstrated that the promoters of the SWI5 and CLB2 genes in S. cerevisiae are playing a vital role in modulating the stability of their corresponding messages in a cell cycledependent manner [10] . SWI5 is a transcription regulator associated with late mitosis genes, and CLB2 is a G2 phase cyclin that promotes the entry of yeast cells into mitosis. Replacing the SWI5 and CLB2 promoters with the ACT1 promoter altered the native decay rates of these two mRNAs. This regulation involves the mitotic exit network (MEN) kinase Dbf2p and its interacting partner polo kinase Cdc5p [91] , as well as the major cytoplasmic deadenylase the Ccr4p/Pop2p/Not complex. Their finding is consistent with a model where Dbf2p is first recruited to the SWI5 and CLB2 promoter, subsequently loaded onto these messages in a transcription-dependent manner and eventually carried to the cytoplasm (Figure 3) . Once in the cytoplasm, Dbf2p is associated with the ancillary factor Dbf20p (assists Dbf2p function and displays a synthetic-lethality with it, [92] ) at the onset of pro-metaphase to metaphase transition, thereby coordinating the timing of their decay [10] ( Figure 3) . Remarkably, Dbf2p interacts with the Ccr4p/Pop2/Not complex [93] and thereby promotes their degradation [10] . However, it was not clear how Dbf2 is recruited to the SWI5 and CLB2 promoters and, subsequently, onto these messages to influence their cytoplasmic fate. Nevertheless, the study revealed that Dbf2, the mitotic kinase, acts as a "coordinator" and thereby connects the transcription with the mRNA decay [10] .
Expression of the GAL genes in S. cerevisiae provides another example for the promoter-assisted decay of mRNAs. The addition of galactose to yeast cells growing in a medium containing raffinose or another non-fermentable carbon source leads to a rapid and huge transcriptional activation of the GAL genes. This transcriptional burst is rapidly attenuated by the addition of glucose and accompanied by the selective decay of the GAL and other associated messages [94] [95] [96] . Notably, the glucose-induced decay of the GAL transcripts requires the native promoters of the GAL genes since replacement of the native GAL7 promoter by a constitutive ADH1 promoter led to a diminished decay of the GAL7 transcripts under the same condition [97] . Consequently, the enhanced stability (diminished decay) of the GAL7 transcripts expressed from the ADH1 promoter could be attributed to the promoter itself that harbors the binding sites for the transcription factor Rap1p, which was found to be linked to the stability of other transcripts (see above) [9] . However, the exact mechanism how Rap1p brings about the alteration of the stability of the GAL7 transcripts is unclear.
In a recent study, Snf1p, the yeast ortholog of mammalian/human AMP-activated protein kinase involved in multiple and diverse stress conditions [98] [99] [100] [101] [102] , was also found to govern the glucose-induced decay of mRNAs [103, 104] . Snf1p has both, a direct and an indirect role in stress response (i) by substrate-level phosphorylation [105, 106] and (ii) via its involvement in the transcriptional control of gene expression [107] , respectively. Remarkably, compromising the activity of Snf1p led to the rapid destabilization of Snf1p-dependent transcripts [105] . Conversely, if Snf1 is constitutively active (such as in a reg1 yeast mutant), the same sets of transcripts were found to undergo diminished mRNA decay [96, 105] . In low glucose concentration, Snf1 activates the transcription of glucose-induced genes required for energy metabolism in the absence of glucose. Conversely, when glucose concentration is high, Snf1 activity is inhibited and the level of glucose-induced transcripts rapidly drops off. This sharp decline in mRNA levels is due OPEN ACCESS | www.microbialcell.comto a termination of transcription and a stimulation of their decay rate, thus appearing to couple transcription to mRNA degradation [104, 105] . In their studies, Braun et al. demonstrated that fusing nonglucose-responsive genes MAP2 and IDP2 to the ADH1 promoter caused a dramatic destabilization of these corresponding non-cognate transcripts, thereby showing that the ADH1 promoter alone could modulate glucose-induced mRNA decay [103, 104] . Binding sites of a specific transcription factor, Adr1p, in the ADH1 promoter appeared to be a crucial factor for the glucose-induced mRNA decay. Although the exact mechanism how Snf1p brings about the decay of the glucoseinduced messages remained unclear, an involvement of additional RNA binding proteins, such as Vts1p, was postulated. In this respect, it is very interesting to note that four mRNA decay factors, Eap1p and Ccr4p (both interacting with Vts1p), Dhh1p and Xrn1p were found to be targets for Snf1p-dependent phosphorylation (note that Snf1p is AMP-activated protein kinase) as revealed by a previous phosphoproteomic study [105] . Consequently, the deletion of XRN1, DHH1 or CCR4 led to the enhanced stability of Snf1-dependent transcripts. Moreover, Puf5p, another target of Snf1p, was found to promote mRNA degradation by recruiting the Ccr4p/Pop2p/Not complex along with the helicase Dhh1p and the decapping enzyme Dcp1p to promote deadenylation, decapping, and decay [108] [109] [110] . Therefore, Snf1p-dependent transcription and decay of glucose-specific subsets of mRNAs were proposed to be stimulated by triggering the cytoplasmic decay factors, possibly via the modulation of marked Vts1p [104] . However, further investigation is required to dissect the exact mechanism of Snf1-dependent, glucose-induced, transcription-coupled mRNA decay.
Functional coupling mediated by mRNA decay factors
Apart from promoters and transcription factors, three mRNA decay components, the major deadenylase, Ccr4p/Pop2p/Not complex, the principal decapping factor, Dcp2p, and the major cellular exoribonuclease Xrn1p, are also implicated in the process of transcription. Ccr4p/ Pop2/Not, a nine subunit protein complex in S. cerevisiae constitutes the predominant deadenylase which catalyzes the initial deadenylation step of polyadenylated mRNAs prior to their decapping by the Dcp1p/Pat1p/Lsm complex (see the previous section) [111] [112] [113] [114] . This complex consists of two functional 3'→5' exonuclease subunits, Ccr4p (the major catalytic subunit), and Pop2p/Caf1p (an ancillary catalytic subunit). In addition, the complex contains Not1p-5p (Not1p is a large scaffolding protein), Caf40p and Caf130p (two accessory proteins) [112, 114] . Ccr4p constitutes the major exonuclease (a member of the ExoIII exonuclease family) [111, 113] , which functionally interacts with the Pop2p exonuclease (a member of RNase D family) [115] . Despite the presence of Pop2p in the complex, Ccr4p plays the central role in the deadenylation event. Not1p, Caf40p, and Caf130p were suggested to participate in the adaptation of the deadenylase complex to diverse cellular mRNA pools via the interaction with various regulatory proteins [113] .
Remarkably, for a long time the involvement of Ccr4p in the deadenylation process remained unnoticed, and the protein was initially discovered as a transcription activator of alcohol dehydrogenase II and some glucose-regulated genes [116, 117] , much before its functional role as deadenylase was revealed [111] [112] [113] [114] . Other independent studies uncovered the functional implication of Not proteins in the repression of transcription in TATA-less promoters [118] [119] [120] . Additional genetic and physical interactions of Not proteins with a broad spectrum of various promoters and transcription-associated factors were subsequently uncovered [121] [122] [123] . Furthermore, the Ccr4p/Pop2/Not complex was also found to be involved in transcription elongation [124] [125] [126] . Thus, the functional involvements of the Ccr4p/Pop2/Not complex in both, the transcription and mRNA degradation, are suggestive of a strong functional interplay between them. However, the underlying mechanistic aspects of these connections and their associated functional significance are not yet completely understood. Further investigations are necessary to unveil the crosstalks between mRNA synthesis and degradation dependent on the Ccr4p/Pop2/Not complex.
The second example of functional influence on the process of mRNA transcription by a decay component is provided by Dcp2p, which is the major catalytic subunit of yeast decapping complex and belongs to the nudix family of pyrophosphatase [127, 128] . Dcp2p cleaves the cap structure and thereby releases m7-GDP and 5'-monophosphate mRNA [72] . Strikingly, the Dcp2 protein has an extended CTD, which is not essential for general mRNA decapping. Consistently, it was shown to shuttle into the nucleus [129] , and its extended CTD was reported to have functional sites that may trigger transcription [130] . Although the exact mechanistic details of nuclear shuttling and functional involvement of Dcp2p in transcriptional regulation is not clear, it is believed that this extended region plays some functional role in controlling mRNA transcription [131] .
Xrn1p, the major cytoplasmic 5'→3' exoribonuclease, presents another instance of the influence of an mRNA decay factor on the nuclear transcription [132, 133] . As mentioned above, Xrn1p is a nonessential and highly conserved cytoplasmic 5'→3' exoribonuclease which degrades global cytoplasmic transcripts with a free 5'-monophosphate end resulted from a decapping reaction or from endoribonucleolytic cleavage [4] . Notably, xrn1 mutants display multiple phenotypic defects, such as sensitivity to Li 2+ ions [98] , and deficiency in genetic recombination, meiosis, and telomere maintenance [134] . Two recent studies presented evidence of the functional role of Xrn1p in connecting the transcription with mRNA degradation in baker's yeast [132, 133] . The first study by Haimovich et al. proposed a stimulatory role of Xrn1p in transcription by showing that deletion of XRN1 led to a reduced transcription rate as measured by nuclear run-on assay, FISH (to show that a decreased number of mRNA in the transcrip-OPEN ACCESS | www.microbialcell.comtion sites of the affected gene is a consequence of the loss of Xrn1p) and global gene expression analyses [133] . The study by Sun et al., in contrast, inferred that depletion of Xrn1p caused a global enhancement of mRNA synthesis rates as measured by incorporation of 4-thiouracil [132] . Remarkably, despite the perceptible disagreement, both studies concluded that Xrn1p plays a crucial role in "buffering" the global cellular mRNA levels in response to alterations in either synthesis or mRNA decay. Thus, while the actual role of Xrn1p in coupling transcription with mRNA degradation is controversial, the "buffering" effect of this protein to maintain cellular mRNA level appears consistent and acceptable. Further studies are essential to (i) resolve the apparent contradictions between the findings of these two studies and (ii) throw light on the mechanism involved in Xrn1p dependent "buffering" of mRNA level and coupling of mRNA synthesis and decay.
The functional influence of mRNA decay factors on transcription is further supported by the following additional observations. First, null strains of yeast in the DCP1 gene (Δdcp1 strains) were observed to have decreased decay rates of specific reporter mRNAs without a similar enhancement in their cellular abundance. This finding thus indicated that the cells possess the capability of counteracting the decline in mRNA decay rates by appropriate alterations in their transcription rate [135] . Also, strains depleted for the decapping activator Edc1 fail to trigger new transcription during a shift in carbon source [136] . Thus, the collective evidences presented above strongly argue that the events of mRNA transcription and decay are coupled.
COUPLING BETWEEN TRANSCRIPTION AND mRNA DECAY IN MAMMALS
Transcription and mRNA degradation also appears to be functionally coupled in mammalian cells. The very first instance of interconnection between mRNA synthesis and turnover was reported in the studies by Enssle et al. in mammalian cells, which demonstrated the dependence of the stability of a β-globin mRNA harboring a PTC on its native promoter (see above) [11] . Subsequently, recent studies now present evidence of possible functional connections between transcription and mRNA degradation in diverse mammalian systems as well. The most direct support of interconnection between transcription and mRNA degradation rate in the mammalian system came from the studies by Dori-Bachash et al. [8] . These authors noted a significant positive correlation between changes in the steady-state levels of mRNAs and degradation rates in induced pluripotent stem cells (iPS) while comparing the decay rates of global mRNAs and human foreskin fibroblasts (HEFs) (note that HEF is derived from iPS), which implied a functional connection between these opposing processes in these cells [8] . Furthermore, they also compared the mRNA degradation rates of the human-mouse orthologous mRNAs using the mRNA decay datasets carried out in human B cells (BL41) and murine NIH-3T3 fibroblasts and found similar rates of decay of the orthologous messages. These findings collectively support the existence of a global coordination between transcription and mRNA degradation in the mammalian system.
Additional instances for the interplay between synthesis and decay of mRNA in mammalian cells are exemplified by several families of mammalian proteins, BTG/Tob, TIS11, and KSRP. Many members of these protein families play pivotal roles in both, nuclear transcription and cytoplasmic mRNA turnover [137] [138] [139] . Mammalian BTG/Tob family of antiproliferative proteins consists of six members, BTG1, BTG2/PC3/Tis21, BTG3/ANA, BTG4/PC3B, Tob1/Tob and Tob2. They are involved in the control of cell cycle progression in a variety of cell types [139, 140] . Expression of BTG/TOB proteins leads to the inhibition of cell cycle progression [139] [140] [141] [142] , whereas loss of their expression is associated with lung, thyroid and breast tumors [143] [144] [145] [146] . Notably, all the members of this family are characterized by having a highly conserved N-terminal BTG domain (104 to 106 amino acid residues long) and a much less conserved C-terminal end [139, 141, 142, [147] [148] [149] [150] . The BTG domain is implicated in the interaction with components of transcription as well as mRNA decay [139] . Several members of the family promote binding of a diverse array of transcription factors to their respective target sites, thereby stimulating the transcription of corresponding genes. These include Hoxb9 (homeobox transcription factor) [151] , TRα and Myogenic factor MyoD in myoblast cells, RARα, cJun, and Myogenin [152] . One family member, BTG3, however, exerts its action reversely by inhibiting the binding of the transcription factor E2F1 to its target sequence and thereby affects the S-phase entry and cell cycle progression [153] . Regardless of their mode of action these proteins are thought to regulate the DNA-binding activity of their target transcription factors by promoting chromatin remodeling of the appropriate genomic segments [151, 153, 154] . Also, all BTG proteins (except for BTG4) promote mRNA deadenylation and turnover by interacting with CNOT7 and CNOT8 (a paralog of CNOT7) subunits of the Ccr4-Not complex in the cytoplasm [149, [155] [156] [157] [158] [159] [160] . In an alternative mechanism, Tob1 and Tob2 stimulate mRNA turnover via their association with the poly(A)-binding protein PAPBC1 [140, 161, 162] . In agreement with their dual roles both in the transcription and mRNA turnover, BTG/Tob family members are present in the nucleus and in cytoplasmic P-bodies (enriched in decay-committed mRNA and mRNA decay factors) [161, 163] . Whether a given member would influence the transcriptional activation or promote mRNA turnover is believed to be dictated by their selective intracellular localization [139] . However, no direct evidence for the involvement of these proteins in coupling transcription with decay is currently present.
The second protein family, TIS11, consisting of BRF-1, BRF-2, and TTP, are known for a long time as the effector of degradation of mRNAs harboring AU-rich elements (ARE) in their 3'-UTR region, such as those encoding growth factors, inflammatory cytokines, and proto-oncogenes [164, 165] . Remarkably, two recent studies presented evidence for a decay-independent role of TTP in the NF-κB-dependent transcription by demonstrating that overex- pression of TTP inhibits such transcription [166, 167] . Furthermore, the TTP-dependent inhibition of NF-κB-dependent transcription is independent of its RNA-binding ability [166, 167] , which is accomplished by two alternative mechanisms, (i) by interfering with the nuclear import of the p65 subunit of NF-κB, [167] and (ii) by recruiting histone deacetylases (HDACs) [168] to the genomic locus of the genes typically regulated by NF-κB [166] . The KSRP family of RNA-binding proteins provides the third group of proteins which appear to bridge the transcription with mRNA decay [166] . Members of this group play crucial roles in various aspects of mRNA metabolism, such as transcription, splicing, APOBEC mediated mRNA editing, mRNA localization, and mRNA decay in specific mammalian cell types [138] . Moreover, all members of this family contain a proline-glycine (PG) rich region and a putative α-helical region in the extreme N-terminal end, followed by four KH domains in the central region, and four Y-rich (tyrosine) repeats in the C-terminal segment [138] . Notably, KSRP proteins were recently found to exert pivotal influence in the transcriptional regulation of the c-myc gene by binding to an AT-rich element located 1.7 kb upstream of the c-myc promoter [169] which is facilitated by the N-terminal PGrich α-helical and C-terminal Y-rich repeats to establish a specific association with TFIIH [138] . Remarkably, current data also suggest that KSRP bind to the several mRNAs harboring ARE in their 3'-UTR and thereby promote their regulated degradation [170] [171, 172] . Consequently, further analyses had shown that these proteins recruit the cytoplasmic exosome and other decay factors onto their target messages [170] [171, 172] . Remarkably, the decaypromoting activity of KSRP are regulated at the posttranslational level by modulating the phosphorylation of a threonine (Thr692) or serine (Ser193) residue [173] [174] [175] which presumably impairs the decay-promoting activity of KSRP. It is believed that phosphorylation inhibits the binding of KSRP proteins either to their target RNAs or the exosome and other decay factors [173, 174] . Additionally, these proteins facilitate the nuclear maturation event of a cohort of microRNAs (miRNAs) by interacting with their precursors as well as with both Drosha and Dicer [176, 177] . The collective evidence thus indicates that members of TIS11 and KSRP families play a crucial role in both, transcription and degradation of a variety of transcripts. Remarkably, a recent study strongly suggests the existence of a functional coupling between the transcription and mRNA degradation in the mammalian cell, which is harnessed by the gamma-herpes virus during its infection cycle [178] . The gamma-herpes virus destabilizes at least a portion of the host transcriptome by encoding the viral endonuclease SOX and thereby facilitates endonucleolytic cleavage of host transcripts [179] , which are subsequently cleaved by cytoplasmic exoribonuclease Xrn1 [180] . This accelerated decay of the specific cellular transcripts, in turn, strongly represses transcription rate of the corresponding genes, which is achieved by decreased RNAPII recruitment to the transcriptionally impacted cellular promoters [178] . Furthermore, the repression requires the activity of cellular Xrn1, which suggests that the level of Xrn1 activity in the cytoplasm is critical to bring about the transcriptional alterations. Also, it was further demonstrated that the viral mRNAs somehow escape the degradation induced transcriptional repression, possibly due to the more efficient recruitment of unused cellular RNAPII to the viral promoters. Thus, gamma herpes viruses indeed seem to exploit the putative functional feedback loop between mRNA transcription and decay in mammalian cells [178] .
The collective evidence, therefore, indicates the functional involvement of several mammalian protein families in the synthesis and degradation of a diverse set of specific mRNAs controlling cell differentiation, cell-cycle progression, cell proliferation, immune and inflammatory response and is crucial during viral infection. Although a direct functional connection between the transcription and decay is currently lacking, available data strongly suggest the existence of such interplay which may play a vital role in diverse physiological processes.
BENEFITS OF COUPLING BETWEEN TRANSCRIPTION AND mRNA DECAY
The functional connection between the synthesis and degradation of mRNAs in eukaryotic cells play a vital physiological role in shaping the characteristic gene expression patterns during diverse cellular processes, such as cell division/cell cycle, developmental program, cell proliferation, cell cycle progression, inflammatory response, cellular response to stress and other environmental cues, and in biological evolution. This interplay is vital to coordinate the gene expression pattern into a rapid and sharp oscillation in the levels of hundreds to thousands of transcripts simultaneously within a very narrow window of time which is essential to respond to such cues. Under such circumstances, the sharp rise in the steady state levels of the mRNA(s) can be more efficiently achieved if the decreased rate of decay kinetics of such transcripts renders a simultaneous and positive feedback to enhance their rate of transcription. Examples for such functional coupling between these two processes shaping appropriate gene expression profile include the regulation of specific and global mRNA steady-state levels during osmotic stress in S. cerevisiae, where a small change in the osmolarity in the medium brings about a dramatic up-regulation of a large subset of messages [181] . Similar, coordination between the transcription and mRNA decay causes an enhancement of a huge burst of transcripts of induced genes that is concurrent with a dramatic destabilization of the messages of the repressed genes during the mild heat shock and DNA damage response pathways [182] [183] [184] .
Furthermore, the functional linkage between the rate of synthesis and decay provides an efficient way to maintain an appropriate dosage of global transcriptome under a specified physiological condition. Consistent with this view, a recent investigation in S. cerevisiae revealed that the cells perfectly and stably maintain a steady and continuous level of diverse transcripts by appropriately modulating their decay rates when the synthesis of the global transcriptome is attenuated by introducing a mutation in the RNAPII [132] .
OPEN ACCESS | www.microbialcell.comRemarkably, these workers also noted that knocking out the catalytic subunit of the Ccr4p/Pop2/Not complex led to a reduced rate of synthesis of global transcripts. Therefore, this observation is consistent with the conclusion that, at least in S. cerevisiae, a mutual feedback between these two antagonistic processes is critical for buffering the global level of transcripts [132] . Strikingly, this finding also paralleled the previously noted influence of the Δdcp1 mutation on enhancing the rate of transcription to maintain an optimal level of cellular transcripts (see above in the previous section) [135] . Thus, the ability of the yeast cells to sustain the physiological dosage of global transcripts despite having a defect in any of the transcription or decay machinery strongly implicated a coordinated crosstalk between the mRNA synthesis and decay. However, it remained unclear whether the reduced rate of synthesis of global transcripts is due to reduced rate of transcriptional activity or impaired mRNA decay rate or both.
The characteristic and integrated pattern of gene expression achieved via the interplay between the transcription and the decay kinetics of mRNAs appears to shape the expression profiles of genes during the cell cycle. In S. cerevisiae, more than 10% of the protein-coding genes are regulated in a cell cycle-dependent manner [185] . Core histone mRNAs provide one such example where entry into the S-phase is accompanied by the rapid increase in their synthesis, followed by a prompt decrease in their abundance as soon as the cells exit the S-phase, presumably by suppressing their transcription and concurrently inducing their decay [186, 187] . Remarkably, the introduction of an additional copy of histone gene into the haploid yeast cell led to the total increment in the synthesis of the corresponding messages without affecting the steady state mRNA levels, which was presumably balanced by the enhanced mRNA degradation [188] . Consistent with this finding, Lsm1-7p was shown to be critical for maintaining the cellular levels of histone mRNAs [189] . Similar examples of cell-cycle-dependent temporal control of message abundance involving the cross-talk between the transcription and decay are provided by the control of SWI5 and CLB2 mRNAs as mentioned above. Entry into mitosis is associated with the reduction of the abundance of SWI5 and CLB2 messages, which is presumed to be the result of a reduced transcription and an increased decay [10] . Similar, coupling mechanisms between these two events are postulated to shape the expression levels of distinct gene clusters which undergo cell-cycle-dependent regulation, such as genes involved in DNA synthesis, cytokinesis, budding and other cell cycle-specific events [185, [190] [191] [192] [193] .
Finally, a functional coupling between transcription and mRNA decay was implicated in promoting the rate of evolution of the organisms. As suggested by Haimovich et al., the coordination between the rates of synthesis and decay of messenger RNAs calls for relatively fewer numbers of mutations required to create a unique and desired profile of gene expression to respond to a changing environment [133] . Consequently, this unique gene expression profile would lead to the novel and optimum proteome required to achieve one or more distinct phenotypes that would provide the organism with a better selective advantage in the new environment [3] . This postulate predicts that only a single regulatory sequence present in the gene (such as a promoter sequence) would be subjected to the evolutionary selection pressure under the new environmental condition(s), thereby demanding the necessity of a fewer number of mutations. Thus, a functional coupling plays a stimulatory role to enhance the rate of evolution, leading to a greater biodiversity [3] .
Possible crosstalk between the synthesis of specific sets mRNAs in the nucleus and their regulated degradation appears to shape the expression profiles of the relevant transcriptome in the mammalian system as well during cell differentiation and proliferation, cell-cycle progression, immune and inflammatory response. Strikingly, gamma herpes virus seems to exploit the feedback loop between transcription and mRNA decay to take control of the cellular machinery to shape their gene expression pattern. Future research should unveil (i) more direct evidence of functional crosstalk between transcription and mRNA decay in mammals as well as (ii) the molecular insight of such interplay between these two counterintuitive processes in mammals.
CONCLUDING REMARKS AND FUTURE PERSPECTIVES
Emerging evidence strongly suggests that a functional coupling exists between the synthesis and decay of mRNAs in yeast, and possibly in mammals. Their coordinated control appears to play key roles in the underlying mechanisms involved in achieving the optimum expression patterns of gene clusters during the cell cycle, cell proliferation, cell cycle progression, immune and inflammatory response, cellular response to stress, drugs, diverse environmental signals, and developmental cues. Such cross-talk between these two opposing physiological processes is thought to contribute to the origin of mRNA regulons in S. cerevisiae, clusters of transcripts encoding functionally related proteins, which are co-regulated in a collective fashion during cell growth and differentiation [194] [195] [196] [197] . Comparable kind of mRNA regulons were also reported in Drosophila and mammals [194] , thereby indicating that similar feedback mechanisms may also exist in larger classes of genes/mRNAs in higher organisms. However, the functional coupling between transcription and mRNA degradation are rather difficult to detect and demonstrate experimentally owing to the lack of availability of direct measurement techniques to quantify transcription and decay simultaneously. Notably, some progress in this direction has been made in the recent years [9, 10, 198, 199] , which should potentially accelerate a rapid advancement in this field.
This functional interplay between mRNA synthesis and degradation, however, leave us with quite a few interesting, yet unresolved, issues with unanswered questions. Despite a substantial amount of progress in this field, it is still unclear how promoters and transcription factors bring about the decay rates of a specific subset of transcripts. For example, how the specific RNAPII core proteins, Rpb4/7, stimulate the deadenylation of a specific set of OPEN ACCESS | www.microbialcell.comtranscripts is unclear. Although Rpb4/7 was found to interact with the decay factors (Pat1p, Lsm1-7) and was also found to localize to P-bodies together with them [12, 13] , the exact functional implications of this interaction are poorly understood for the following reasons.
First, Rpb4/7p was implicated in the deadenylation event [12, 13, 80] but neither Pat1p or Lsm1p are directly connected to deadenylation [89] nor a direct interaction between Rpb4/7p and the Ccr4p/Pop2/Not /Pan2-3p complex was ever detected [12, 13] . Thus, the mechanistic insight into the Rpb4/7p induced deadenylation of the PBF mRNAs is not completely understood and requires additional investigations.
Second, how Rpb4/7p is selectively deposited onto the specific sets of messages in a transcription-dependent manner (presumably via Rpb1p-CTD) is not known. Whether this deposition involves modifications of specific residues of Rpb1p-CTD or requires another new coordinator is not known.
Third, comprehensive knowledge about the functional connections between diverse transcriptional aspects and the mRNA decay linked via the Ccr4p/Pop2/Not complex are also incomplete. The principal reason for this lack of information could be accounted by the fact that the roles of the deadenylase complex in transcription and mRNA decay were investigated independently and separately. This gap could be successfully bridged if they are studied together.
Fourth, the exact molecular mechanism of "marking" specific messages or subsets of messages with a given coordinator remains poorly understood. In other words, it is uncertain how the specific transcription factors/coordinators, which influence mRNA decay rates, leave their marks on the specific transcripts for the rest of their life. Nonetheless, a clue to this question was partially addressed by Trcek et al., who provided strong evidence that recruitment of Dbf2p, the MEN kinase onto the promoter of SWI5 and CLB2 promoter sequence is critical for the stability of these transcripts [10] . These authors also showed that subsequent loading of Dbf2p onto the SWI5 and CLB2 messages and interaction of Dbf2p with its cytosolic partner, Dbf20p, plays a vital role in forming a cell cycle specific "mark" on the SWI5 and CLB2 mRNA. However, how the recruitment of Dbf2p to the promoter sequence influences the stability of these messages is not understood. Interestingly, Dbf2p was found to be part of a larger interactome consisting of the Ccr4p/Pop2p/Not complex, implicating this factor in recruiting the decay components onto the marked message. Thus, Dbf2p appears to link the processes of initial marking of the message with the coordinator and later recruitment of decay factors onto the marked message in a selective fashion. However, the factor(s) critical for marking the SWI5 and CLB2 messages is yet to be identified, which also leaves the molecular mechanism of Dbf2/Dbf20 dependent decay of these mRNAs an unresolved issue. Further research is certainly required to answer these questions.
Fifth, how a "mark" present on the specific transcript or a set of messages is later decoded in the cytoplasm is another unresolved issue. A clue to this question came from the studies by Bregman et al., who suggested that promoter mediated decay of RPL30 mRNA involves the deadenylase Ccr4p/Pop2p/Not complex and cytoplasmic exoribonuclease Xrn1p via a 5'→3' decay mechanism [9] . Therefore, it is logical to suggest that the Ccr4/Not complex is certainly involved in the decoding process. This proposition also received the support from the data presented by Trcek and his colleagues, who showed that Dbf2 also interact with the Ccr4p/Pop2/Not complex [10] . What is still unknown in this line is how this mark alters the rate of deadenylation and decapping of the specific subset of messages.
Sixth, it would be quite exciting to uncover the entire plethora of "synthegradases," class of transcription factors which might be involved in coordinating transcription with mRNA decay of other classes of transcripts and also participate in the regulation of this event. Identification of the novel synthegradases can be accomplished by exploring the status of the post-translational modifications (if any) of these transcription factors following their initial identification. Also, the epigenetic requirement/consequences (if any) of the functional coupling between the synthesis and decay of mRNA should be addressed and explored. Particularly, the role of chromatin and other DNA binding proteins in this event (which in turn may govern the regulation of larger subsets of genes) in connection to this question would be very relevant.
While the molecular mechanism involved in the interplay between mRNA synthesis and decay is currently unknown, these studies pointed out that coupling the transcription to decay certainly increases the efficacy of the fine-tuning of the expression of environmentally induced genes [9, 10, 90, 200] . This "counteraction", potentially imposed by the "synthegradeses", may play a critical role in the regulation of expression of many mRNAs whose induction was known to occur in stepwise response [182, 199] . Consistent with this idea, approximately 10% of the yeast genes preserved through evolution were found to employ the functional coupling between transcription and mRNA decay [8, 90] . Future research using the newer technology enabling simultaneous measurements of the rates of transcription and mRNA-decay is necessary to address what extents of total cellular messages in S. cerevisiae exercise this kind of connected circuitry to respond to a wide range of stress, environmental, cell-cycle specific and developmental cues. Furthermore, input from research using other model organisms would also help this field to evaluate the relevance of the interplay between the transcription and mRNA decay, concerning the overall regulation of eukaryotic gene expression with a possible connection to human diseases (if any).
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